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ABSTRACT
We present results from WIYN pODI imaging of Lacerta I (And XXXI), a satellite dwarf galaxy discovered in the
outskirts of the Andromeda galaxy (M31) in Pan-STARRS1 survey data. Our deep, wide-field g, i photometry reaches
∼3 magnitudes fainter than the photometry in the Pan-STARRS1 discovery paper and allows us to trace the stellar
population of Lac I beyond two half-light radii from the galaxy center. We measure a Tip of the Red Giant Branch
(TRGB) distance for Lac I of (m−M)0 = 24.44±0.11 mag (773±40 kpc, or 264±6 kpc from M31), which is consistent
with the Pan-STARRS1 distance. We use a maximum-likelihood technique to derive structural properties for the
galaxy, and find a half-light radius (rh) of 3.24±0.21 arcmin (728±47 pc), ellipticity (ǫ) of 0.44±0.03, total magnitude
MV = −11.4±0.3, and central surface brightness µV,0 = 24.8±0.3 mag arcsec
−2. We find no HI emission in archival
data and set a limit on Lac I’s neutral gas mass-to-light ratio of MHI/LV < 0.06 M⊙/L⊙, confirming Lac I as a
gas-poor dwarf spheroidal galaxy. Photometric metallicities derived from Red Giant Branch stars within 2 rh yield a
median [Fe/H] of −1.68±0.03, which is more metal-rich than the spectroscopically-derived value from Martin et al.
(2014). Combining our measured magnitude with this higher metallicity estimate places Lac I closer to its expected
position on the luminosity-metallicity relation for dwarf galaxies.
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1. INTRODUCTION
The number, spatial distribution, mass function, and
kinematics of the dwarf galaxies in an environment like
that of the Local Group provide important tests for the-
oretical ideas about cosmology, dark matter, and galaxy
formation (e.g., Klypin et al. 1999, Moore et al. 1999,
Bullock & Johnston 2005, Simon & Geha 2007). Fur-
thermore, dwarf galaxies themselves serve as valuable
laboratories for our understanding of the physical pro-
cesses involved in galaxy evolution, star formation, feed-
back, and chemical evolution (e.g., Mateo 1998, Tolstoy
et al. 2009. McConnachie 2012 and references therein).
The importance of dwarf galaxies to all of these areas of
extragalactic astrophysics and cosmology has motivated
an array of surveys and searches for additional low-mass
galaxies in and around the Local Group (e.g., Willman
et al. 2005; Martin et al. 2006; Belokurov et al. 2007;
Bell et al. 2011; McConnachie et al. 2009; Adams et al.
2013; Bechtol et al. 2015; Koposov et al. 2015; Kim et
al. 2015, Janesh et al. 2015).
In particular, the regions around the Andromeda
Galaxy (M31) have lately been the focus of a number of
dedicated searches for satellite dwarf galaxies, and have
met with much success. For example, searches for stellar
overdensities in photometric observations from the Sloan
Digital Sky Survey (SDSS) and the Pan-Andromeda Ar-
chaeological Survey (PAndAS) have resulted in the dis-
covery of tens of dwarf galaxies in regions around An-
dromeda (e.g., Zucker 2004, 2007; McConnachie et al.
2008; Martin et al. 2006, 2009; Bell et al. 2011; Slater
et al. 2011). A recent contribution in this area comes
from the Panoramic Survey Telescope and Rapid Re-
sponse System 1 (Pan-STARRS1; Kaiser et al. 2010)
3π survey. By searching through Pan-STARRS1 photo-
metric source catalogs, Martin et al. (2013a) discovered
two new dwarf galaxies, Lacerta I (And XXXI) and Cas-
siopeia III (And XXXII), in regions around Andromeda
that had not been included in other systematic imaging
surveys. In a follow-up paper, Martin et al. (2013b)
described the discovery in Pan-STARRS1 imaging data
of a third Andromeda satellite galaxy, Perseus I (And
XXXIII), located in a region with shallow SDSS cov-
erage. All three galaxies were confirmed to be satel-
lite galaxies via a spectroscopic study by Martin et al.
(2014), who derived systemic radial velocities for each
system as well as individual metallicity measurements
for member stars (see Section 4.4 for more discussion).
All three are located more than 10 degrees away from
M31 in projection and have relatively faint central sur-
face brightnesses (µ0 >∼ 25−26 mag arcsec
−2), properties
which likely contributed to their late discovery (Mar-
tin et al. 2013a, 2013b). Cas III is located within the
area of the thin rotating plane of M31 satellite galax-
ies (Ibata et al. 2013) but Martin et al. (2014) showed
that it is moving in the opposite sense relative to the
disk; Per I and Lac I are located on the far east-
ern and far western sides of Andromeda, respectively
(Martin et al. 2013a,b).
Prompted in part by the installation and commission-
ing of a new camera on the WIYN 3.5-m telescope1 dur-
ing the 2012−2013 observing season, we began a cam-
paign to obtain deep, wide-field imaging of these and
other selected nearby dwarf galaxies. The aim is to take
advantage of the excellent image quality and depth made
possible by WIYN to study the galaxies’ structure and
stellar populations out to large galactocentric radius.
The first dwarf galaxy we targeted is Lac I, a relatively
luminous dwarf (MV ∼ −12) that lies ∼20
◦ (∼275 kpc)
away from Andromeda in projected distance (Martin
et al. 2013a). The photometry of Lac I presented in
Martin et al. (2013a) reached i ∼ 22.5 and yielded
estimates of the distance, size, and metallicity of the
galaxy. The Martin et al. (2014) spectroscopy study
presented the systemic velocity and velocity dispersion
(vr,helio=−198.4±1.4 km s
−1, σv,r=10.3±0.9 km s
−1) as
well as a refined metallicity estimate and V -band mass-
to-light ratio. In this paper, we present results from
imaging of Lac I that reaches ∼24−25 in the g and i
filters, covers a ∼20′ x 20′ area, and allows us to trace
the stellar population beyond two half-light radii.
The paper is organized as follows. Section 2 describes
the observations and initial data reduction and Section 3
discusses our methods for source detection, photome-
try, and completeness testing. Section 4 presents the
properties we measure for Lac I, including the color-
magnitude diagram (CMD), distance via the Tip of
the Red Giant Branch (TRGB) method, structural pa-
rameters, luminosity, limits on the neutral gas content,
and the photometrically-derived metallicity distribution
function. The last section of the paper gives a summary
and our final conclusions.
2. OBSERVATIONS AND DATA REDUCTION
Observations of Lac I were obtained on 2013 October
1 with the WIYN 3.5-m telescope and the One Degree
Imager with a partially-filled focal plane (pODI; Har-
beck et al. 2014). The pODI camera was comprised
of nine orthogonal transfer arrays (OTAs) arranged in
a 3x3 configuration, as well as four additional OTAs
positioned at various radial locations around the focal
1 The WIYN Observatory is a joint facility of the University
of Wisconsin-Madison, Indiana University, the National Optical
Astronomy Observatory and the University of Missouri.
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plane. Each individual OTA is an 8x8 arrangement of
orthogonal transfer CCD detectors with 480x496 12-µm
pixels. The central 3x3 array of OTAs in pODI, which
provided a field-of-view of ∼24′ x 24′ and a pixel scale
of 0.11′′ pixel−1, was used to image the target objects
and the outlying OTAs were used for guiding during
the exposure. (Note that pODI was upgraded in 2015
and is now referred to as the ODI camera; new detec-
tors were added to create a 5x6 OTA configuration that
provides a 40′ x 48′ field-of-view.) We obtained nine
700-second exposures of the Lac I field in g and another
nine 600-second exposures in i with pODI. The tele-
scope was dithered between exposures in order to help
eliminate gaps between the CCDs and OTAs during the
subsequent image stacking process.
The pODI images were immediately transferred from
WIYN to the ODI Pipeline, Portal, and Archive (ODI-
PPA; Gopu et al. 2014)2 at Indiana University and
later processed with the QuickReduce pipeline (Kotulla
2014). The pipeline corrects each image for cross-talk,
subtracts the overscan signal, corrects the images for
non-linearity and persistence, applies bias, dark, flat-
field, and pupil ghost corrections, and removes cosmic
rays. The pipeline-processed images of Lac I were then
flattened with a night-sky flat, reprojected to a com-
mon pixel scale, and finally average-combined to cre-
ate a single deep, stacked image in each filter. Areas
on the edges of the stacked images with slightly higher
noise levels (because of reduced exposure time due to
the dither pattern) were clipped to produce a usable
field ∼20′ x 20′ in size. The mean full-width at half-
maximum of the point spread function (FWHM PSF)
in the final combined images is 0.84′′ in the g-band and
0.70′′ in the i-band.
Sky conditions on the night that Lac I was observed
were clear. Sloan Digital Sky Survey (SDSS; Ahn et
al. 2012) stars present in various images of other fields
taken throughout the night were used to calculate pho-
tometric calibration coefficients that could be applied to
the Lac I frames. (As mentioned in the Introduction, the
Lac I field is not included in the current SDSS footprint.)
The RMS scatter of the zero points calculated from in-
dividual SDSS stars within a given image taken that
night ranged from 0.016−0.021 magnitude. The mean
zero points for images taken of different fields and at dif-
ferent times of the night agreed with each other within
2 The ODI Portal, Pipeline, and Archive (ODI-PPA) system
is a joint development project of the WIYN Consortium, Inc., in
partnership with Indiana University’s Pervasive Technology Insti-
tute (PTI) and with the National Optical Astronomy Observatory
Science Data Management (NOAO SDM) Program.
<0.01 magnitude, confirming that the sky conditions
were stable and the night was photometric. The pho-
tometric calibration coefficients calculated in this way
were applied to all instrumental magnitudes measured
via PSF photometry of the Lac I images (see next sec-
tion). In addition, individual reddening corrections were
calculated for each star in the Lac I images by apply-
ing the Schlafly & Finkbeiner (2011) coefficients to the
Schlegel et al. (1998) values for Galactic extinction at
the position of the star. The median color excess value
across the Lac I field-of-view is E(B − V ) ∼ 0.14. For
the remainder of the paper, we will use final calibrated
and dereddened g0 and i0 values.
3. SOURCE DETECTION AND PSF
PHOTOMETRY
Point-spread-function-(PSF)-fitting photometry was
performed on the final combined g− and i−band images,
using the suite of dedicated programs DAOPHOT and
ALLFRAME (Stetson 1987, 1994). We began by select-
ing ∼ 300 bright, non-saturated stars in each image and
using them to construct a model PSF. This model PSF
was then used to measure magnitudes of all sources de-
tected in each image with peak counts at least 3σ above
the background noise level. The final photometry cat-
alog was cleaned by retaining sources with χ2 < 1.5
(i.e., the goodness-of-fit parameter for the PSF fitting
of each source) for io > 21.5, and with a more gener-
ous cut below this value; the sharpness was additionally
constrained to be |sharp| < 2 (to remove, e.g., cosmic
rays or resolved background galaxies). These cuts yield
a total of 33577 bona-fide stars (see Figure 1). The
full photometric catalog for the Lac I g and i images is
presented in Table 1. The catalog includes a sequence
number for each star, the star’s Right Ascension and
Declination, the calibrated, dereddened g0 and i0 mag-
nitudes and associated instrumental errors, and the cal-
culated Galactic extinction values (Ag and Ai) that were
applied.
In order to assess the true photometric uncertainties
and incompleteness in the images, we injected∼ 650, 000
artificial stars (divided into 26 separate experiments to
avoid artificial crowding) distributed evenly across the
frames and with colors and magnitudes in the range cov-
ered by real stars. We then performed the same de-
tection, photometry, calibration, and dereddening steps
described above to measure the magnitudes of the fake
stars. The overall color-averaged 50% completeness
limit is reached at g0 = 25.6 and i0 = 24.2, respec-
tively. These values change to g0 = 25.3 and ii = 24.0
in the innermost ∼ 3 arcmin of Lac I due to higher stel-
lar density there. The artificial star tests indicate that
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the photometric uncertainties are ∼ 0.1 mag at i0 ∼ 23
and g0 ∼ 23.5.
4. PROPERTIES OF LAC I
4.1. Color-Magnitude Diagram and Stellar Spatial
Distribution
The first two panels of Figure 2 show the dereddened
CMD for stars within the half-light radius of Lac I (rh
= 3.24±0.21 arcmin; see Section 4.3). The rightmost
panel of Figure 2 shows a rescaled CMD of the field, for
comparison. The field regions are two rectangular ar-
eas chosen near the corners of the pODI pointing, along
the dwarf galaxy’s minor axis and beyond 3rh; these
two regions are marked with solid lines in the left-most
panel of Figure 3. The total area of the field regions is
larger than the area used to produce the Lac I CMD, so
we constructed the field CMD by randomly extracting
a proportional number of stars from the field regions so
that we were sampling equal areas of sky. The photo-
metric uncertainties derived from the artificial star tests
as described in the previous section are shown in all
three panels of the figure.
Examination of Figure 2 shows that our follow-up pho-
tometry from pODI reaches ∼3 magnitudes fainter than
the photometry presented in the Pan-STARRS1 discov-
ery paper (Martin et al. 2013a). A prominent red giant
branch (RGB) is the main feature observed in the Lac I
CMD. The RGB coincides in location with 12 Gyr old
isochrones representing a range of metallicities; see Sec-
tion 4.4 for more discussion. There is no overdensity of
bright, blue ((g − i)0 . 0.5) sources in the Lac I CMD,
and neither are there luminous asymptotic giant branch
(AGB) stars, which would appear just above the TRGB.
The absence of these features suggests a predominantly
old nature for Lac I’s stellar population. Finally, the
detection of a horizontal branch/red clump, expected at
i0 & 24.5, is hampered by the rapidly decreasing com-
pleteness at these magnitudes (the 50% completeness
level is marked with a dashed line in the leftmost panel
of Fig. 2); we are unable to draw any firm conclusions
about the presence or absence of this feature.
The top two panels of Figure 3 show the spatial distri-
bution of the RGB stars across the pODI field-of-view.
The stars used to create the upper two plots in this fig-
ure are those that appear within the RGB selection box
in the leftmost panel of Figure 2. The dashed line in
the left-hand panel of Figure 3 is an ellipse centered on
the galaxy that marks the half-light radius derived in
Section 4.3, and the arrow indicates the direction to-
ward M31. The right-hand panel of Figure 3 shows a
smoothed density map of the RGB stars, with the sur-
face density of stars indicated by the grayscale value. It
Figure 1. Source selection criteria based on the χ2 and
sharpness parameters from the DAOPHOT photometry, as
a function of dereddened i-band magnitude. Red sources
are the ones that we retain as genuine stars, black ones are
rejected.
is clear from these two upper panels of Figure 3 that
there is an obvious overdensity of sources that make up
the main body of Lac I, and that the galaxy has a fairly
elliptical shape.
The distribution of contaminating objects in the CMD
is deduced from the two rectangular field regions. As
mentioned, the field regions are located beyond 3rh (as
derived in Sec. 4.3), and while we cannot rule out the
presence of Lac I stars at these radii, their number
should be negligible. Examination of the field CMD
in the rightmost panel of Fig. 2 illustrates that at
magnitudes fainter than i0 ∼ 22.5, unresolved back-
ground galaxies will be the main source of contaminating
objects. At brighter magnitudes, Galactic foreground
star sequences are readily apparent. For all subsequent
analysis in this paper, we take into account the back-
ground/foreground contamination based on the com-
bined CMD of the two field regions. The location of the
RGB selection box marked in the CMD was chosen so
that it begins at the location of the TRGB, encompasses
the full width of the RGB, and cuts off at a faint mag-
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Figure 2. Dereddened CMDs of all stars within Lac I’s half-light radius (left and middle panels). The red dashed line in the
left panel indicates the 50% completeness level, and the photometric uncertainties derived from artificial star tests are shown
in all the panels. The numbers of sources are also reported in each panel. In the middle panel, 12 Gyr Dartmouth isochrones
for [Fe/H] = −2.5, −2.0, −1.5, and −1.0 (green lines) from Dotter et al. (2008) are overlaid on the data points, and the RGB
selection box is marked (red polygon). The right panel shows the combined CMD of the two field regions marked in Fig. 3,
rescaled to the area in the left and middle panels.
nitude limit of i0 = 24 to avoid the region of the CMD
with both rapidly increasing incompleteness and photo-
metric uncertainties, as well as an increasing number of
background galaxy contaminants. The magnitudes and
colors of the objects that appear within these two “field”
regions of the pODI images are plotted in the rightmost
panel of Fig. 2.
4.2. TRGB Distance
The distance to Lac I is derived by applying the TRGB
method (Lee et al. 1993; Rizzi et al. 2007) to our data.
To accomplish this we adopt the method introduced by
Makarov et al. (2006), modified following the approach
of Wu et al. (2014). First, a model luminosity function
is convolved with completeness, uncertainty and bias as
derived from our artificial star tests; then, we fitted this
model function to Lac I’s luminosity function (see Fig-
ure 4), which is derived for RGB stars within 2rh and
with a color cut of 1.2 < (g − i)0 < 1.8 in order to
consider metal-poor stars and minimize contamination
from foreground Galactic stars. This procedure deter-
mines the observed magnitude at which the luminosity
function has a sharp transition, which is expected for old
and metal-poor RGB populations at the end of this evo-
lutionary phase (e.g. Salaris et al. 2002). The absolute
magnitude for this transition is constant, and it is com-
puted to beMi = −3.44±0.10 mag for the SDSS i-band
(Bellazzini 2008). The uncertainty is computed with a
Monte Carlo (MC) approach, by varying the magnitude
of the observed stars within the photometric uncertain-
ties and re-fitting the model luminosity function. From
this analysis we derive a best-fit TRGB luminosity of
io = 21.00 ± 0.05 mag, which translates to a distance
modulus of (m − M)0 = 24.44 ± 0.11 mag, fully con-
sistent with the (m−M)0 = 24.40± 0.12 mag estimate
given in the Martin et al. (2013a) discovery paper. The
physical distance to Lac I is thus 773 ± 40 kpc, which
6 Rhode et al.
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Figure 3. Top left panel. Spatial distribution of RGB stars across the pODI field-of-view (see selection box in the CMD
presented in Fig. 2), in standard coordinates centered on Lac I. The dashed ellipse is drawn at the half-light radius, the
rectangles are the chosen field regions and the arrow indicates the direction towards M31. Top right panel. Density map of RGB
stars in Lac I (the grayscale key is shown on the right). Bottom panel. Surface density profile of RGB stars in Lac I as a function
of elliptical radius. The exponential profile and background level, as derived from our maximum likelihood computation, are
indicated as described in the legend. Error bars are Poisson errors on the number of objects in each radial bin.
is consistent with M31’s distance. Combining this with
the distance to M31 and the angular distance on the sky
between the two galaxies yields a 3D distance for Lac I
of 264± 6 kpc from M31.
4.3. Structural Parameters, Luminosity, and HI Gas
Content
We fitted an exponential profile distribution to the
surface density profile of Lac I, utilizing the maximum
likelihood technique described by Martin et al. (2008),
as implemented by Sand et al. (2012). While real satel-
lites often have a complexity that cannot be encapsu-
lated by parameterized models such as the exponential
profile, such profiles are useful for quantifying the galax-
ies’ basic structural properties and for direct comparison
with other results. The stars selected for the structural
analysis are drawn from the RGB selection box seen in
Figure 2, which includes a limiting magnitude of i0 = 24
mag so as to avoid any adverse effects from crowding at
faint magnitudes. The free parameters for our expo-
nential profile model are: the central position (α0, δ0),
ellipticity (ǫ, which is defined as 1− b/a, where b is the
scale length along the minor axis and a is the scale length
along the major axis), position angle (PA; θ), half-light
radius (rh) and background surface density (Σb). Un-
certainties on each parameter were calculated via 1000
bootstrap resamples of the data, from which 68% confi-
dence limits were derived. The resulting structural pa-
rameters for Lac I are presented in Table 2, along with
the other properties we measure for the galaxy. The
probability distribution functions derived from the max-
imum likelihood analysis are shown in Figure 5.
Properties of Andromeda Satellite Dwarf Lac I 7
i0
20.6 20.8 21 21.2 21.4 21.6 21.8
C
o
u
n
ts
0
5
10
15
20
Figure 4. Luminosity function of Lac I’s RGB stars within
2rh and with a color cut of 1.2 < (g− i)0 < 1.8: the red line
is the best-fitting model luminosity function applied in order
to derive the TRGB luminosity.
Our structural parameters are in agreement with the
discovery data of Martin et al. (2013a) to within the
uncertainties, although our derived half-light radius is
smaller and slightly more than 1-σ discrepant. The
structural parameters presented here should not be bi-
ased given the depth of the data, the stellar density
contrast compared to the background, and the field of
view of the pODI data; our data set meets all of the
criteria determined by Mun˜oz et al. (2012) for deriv-
ing accurate structural parameters using our maximum
likelihood technique.
We show a one-dimensional representation of our best-
fitting stellar profile in the bottom panel of Figure 3.
While the binned data points are not used to fit stel-
lar profiles – as the maximum likelihood technique uses
the two dimensional unbinned distribution of stars – the
agreement between the best-fitting model stellar profile
and the data points is excellent, with only minor devia-
tions from an exponential profile.
To measure the total magnitude of Lac I, we first sum
the flux within one half-light radius using the RGB stars
within the CMD selection box shown in Figure 2. From
this, we subtract off the flux from foreground and back-
ground sources using the field regions marked in the up-
per left panel of Figure 3 and rescaling to match the
area used for Lac I. We then multiply the remaining
flux by a factor of two to account for the flux outside of
Lac I’s half light radius. We correct for stars below our
detection limit by using several metal poor ([Fe/H] =
−1.5 to −2.0) and old (10-13 Gyr) Parsec luminosity
functions (Bressan et al. 2012). From this, we measure
Mg = −11.3±0.2 mag and Mi = −12.0±0.2 mag, and
convert this to MV = −11.4±0.3 mag using the filter
transformation of Veljanoski et al. (2013). Our total
magnitude is consistent within the uncertainties with
the value presented in the Martin et al. (2013a) dis-
covery paper (MV = −11.7±0.7 mag), although our un-
certainty is a factor of two smaller. The central surface
brightness of Lac I is calculated using the total magni-
tude and the best-fitting exponential profile described
earlier, and is µV,0 = 24.8±0.3 mag/arcsec
2. Our mea-
sured µV,0 value is a full magnitude brighter than the
corresponding value from Martin et al. (2013a) (µV,0
= 25.8±0.8 mag/arcsec2), although the numbers are in
agreement to within the uncertainties. As is the case
with the total magnitude, the uncertainty on our central
surface brightness measurement is substantially reduced
compared to the previous measurement. (Note that this
increase in surface brightness is not unexpected, since
our derived half-light radius is smaller.) The derived
magnitudes and surface brightness values are included
in Table 2.
We investigated the neutral gas content of Lac I by
searching for HI emission along the line-of-sight to the
galaxy in publicly-available Effelsberg Bonn HI Survey
data (EBHIS; Winkel et al. 2016), smoothed to a spec-
tral resolution of 15 km s−1. We find no HI emission
in the smoothed spectrum at the systemic velocity for
Lac I reported by Martin et al. (2014), and compute a
5-σ, single-channel upper limit on the HI mass within
6′ (1.85 rh) of M
lim
HI = 1.9 × 10
5M⊙. This implies
MHI/LV < 0.06 M⊙/L⊙ for Lac I (see 2), and there-
fore that this galaxy is gas-poor like the other dwarf
spheroidal galaxies around the Milky Way and M31
(Grcevich & Putman 2009; Spekkens et al. 2014).
4.4. Photometric Metallicity Distribution Functions
We derive photometric metallicities for each individ-
ual RGB star that is located within our RGB selec-
tion box (marked in Fig. 2) and also has i0 < 23
mag. Applying this additional faint-magnitude cut re-
duces contamination significantly and keeps the photo-
metric uncertainties below 0.1 mag in magnitude and
0.2 mag in color, to ensure that we are using the best-
quality photometric data to yield metallicity informa-
tion. Photometric metallicities are obtained by linearly
interpolating among stellar isochrones with a fixed aged
of 12 Gyr and varying metallicity ([Fe/H]= −2.5 to
−1.0; Dotter et al. 2008). Under the assumption that
the RGB width is mainly driven by metallicity rather
than age, the color of a RGB star will correspond to
an isochrone with a given metallicity (see Fig. 2, and
Crnojevic´ et al. 2010 for details). This approximation
is valid in the absence of significant intermediate-age
populations, which appears to be a safe assumption for
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Figure 5. Probability distribution functions for the structural parameters derived from the maximum likelihood analysis
described in Section 4.3.
Lac I, based on the appearance of the CMD. (We do
note, however, that Martin et al. (2014) state that they
identified “a handful” of carbon stars in Lac I based on
the shape of a few of the stellar spectra they obtained,
and that the presence of these stars may suggest that
Lac I has at least a modest intermediate-age popula-
tion.) This type of approach provides robust results
in terms of relative quantities such as the derivation
of radial metallicity trends (VandenBerg et al. 2006;
Crnojevic´ et al. 2014). We also explore the effect that
a slightly younger average age would have on the derived
metallicities: if we adopt isochrones with a fixed 8 Gyr
age instead of 12 Gyr, the metallicity values obtained
for Lac I (see below) become more metal-rich by about
0.2 dex. (See also Crnojevic´ et al. 2010 for an extensive
discussion on the possible effects of prolonged star for-
mation on the derivation of photometric metallicities.)
In Figure 6 we show the resulting metallicity distri-
bution functions (MDFs) for stars separated into three
regions based on their elliptical radius. To calculate the
elliptical radius (r) for each star, we first transform the
star’s equatorial coordinates into standard coordinates
(ξ and η; see Figure 3) on a plane tangential to the center
of Lac I. We then take these coordinates and use them
as the Xi and Yi coordinates in the definition of ellipti-
cal radius given in Martin et al. (2008) (their Equation
4). The three panels in Figure 6 show the [Fe/H] distri-
bution of stars with r < rh (top panel), rh < r < 2rh
(middle panel), and r > 2rh (bottom panel). The outer-
most bin includes stars out to a radius of 9 arc minutes,
i.e., the largest ellipse fully enclosed within the pODI
images (which is just short of 3rh). We do not correct
the derived MDFs for incompleteness, since the RGB
selection box is ∼ 97% complete down to i0 < 23. To
correct for contamination in the stellar sample, we derive
an “MDF” for the field regions as well (strictly speaking,
contaminating sources are not RGB stars belonging to
the same population, so the derived metallicities are not
meaningful), and subtract it from the Lac I MDFs after
rescaling it to the area of each radial bin. The percent-
age of contaminants in the three radial bins is ∼ 2%,
9%, and 28%, respectively.
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We used the information about contamination gleaned
from the field “MDF” to correct not only the Lac I MDF
data in histogram form but also the individual photo-
metric metallicity values of the stars in the three radial
regions shown in Figure 6. We corrected the individual
photometric metallicity measurements by randomly re-
moving the appropriate number of stars falling within a
given metallicity range in each radial region. In those
cases when the number of contaminants in a given metal-
licity and radial range was a fraction, the value was
rounded to the nearest integer, and then that number of
stars was randomly removed from the appropriate data
file.
We used the contamination-corrected MDF data to
calculate the median metallicity of the stars in the three
radial ranges shown in Figure 6. Uncertainties on these
median [Fe/H] values were derived with a set of MC ex-
periments. First, the magnitude and color of each star in
the MDF was varied within the photometric uncertain-
ties for that star. The metallicity was rederived for that
magnitude and color using the same method as for the
original data (interpolation from the isochrones). We
did this 1000 times for each star and calculated the me-
dian [Fe/H] value for each realization, and within each
radial region. The spread of [Fe/H] values computed
from the MC simulations yields an estimate of the un-
certainty in the [Fe/H] derived from the original data.
The median metallicities for the contamination-
corrected MDFs in the three radial regions are [Fe/H] =
−1.66± 0.03 dex for the innermost radial region (inside
rh), [Fe/H] = −1.69± 0.03 for stars with rh < r < 2rh,
and [Fe/H] = −1.72± 0.05 for stars in the outer radial
region (outside 2 rh). These values are marked in the
histogram plots in Figure 6. Combining all of the [Fe/H]
values for stars within 2 rh yields a median [Fe/H] of
−1.68, and combining all three radial regions yields the
same median value; we have listed this value in Table 2.
The median [Fe/H] values in all three of the radial
regions are more metal-rich than the [Fe/H] value of
−2.0±0.1 derived by Martin et al. (2014) from their
spectroscopic observations of 126 RGB stars in Lac I,
although in some cases the difference is not significant
when the uncertainties on these values are taken into ac-
count. The fixed-age approximation inherent to the pho-
tometric metallicity derivation method can only partly
explain this discrepancy. For the discrepancy with the
Martin et al. (2014) data set to be alleviated, their
spectroscopic sample would need to have missed the ma-
jority of the metal-rich subsample highlighted by our
MDFs. A close inspection of our MDFs suggests that
there could be two metallicity peaks, at [Fe/H]∼ −1.8
and [Fe/H]∼ −1.4 respectively, which are most pro-
nounced in the innermost radial bin (top panel of Fig.
6). The distinction fades off in the middle bin, while the
last adopted bin contains few stars due to the rapidly
decreasing stellar density beyond r = 2rh, thus any pos-
sible trend gets lost in the noise. We stress that the ra-
dial MDFs have a comparable shape when derived under
the assumption of a fixed 8 Gyr age.
We carried out the following steps to investigate
whether the apparent multiple peaks in the MDFs might
actually be statistically significant. The contamination-
corrected MDF data (i.e., the individual photometric
metallicity values of the stars in the three radial regions
shown in Figure 6, corrected for contamination) were
evaluated with a series of statistical tests to assess the
likelihood that a mixture of one, two, or three Gaussian
distributions can produce the observed values. We used
a parametric bootstrap Anderson-Darling (A-D) test
(Anderson & Darling 1952) to independently test each
Gaussian mixture as a potential fit to the MDFs. First,
a set of one to three Gaussian functions was fitted to
the input data, and best-fitting means, dispersions, and
mixing proportions for each Gaussian were returned.
The original data were evaluated against the candidate
mixture model using the A-D test. Next, 1000 synthetic
data sets with the same parameters as the best-fitting
mixture model were produced and evaluated with the
A-D test. The A-D score derived from the observed
data was then compared to the distribution of boot-
strapped A-D scores. This testing procedure indicated
with high confidence that the observed MDFs for all
three radial regions are not likely to be drawn from a
unimodal or bimodal Gaussian distribution. The data
in the outermost radial region (r > 2rh) is also not
likely to be drawn from a trimodal Gaussian distribu-
tion. The tests also indicated, however, that there is a
high probability that the MDF data for the inner two
radial regions (r < rh and rh < r < 2rh) is drawn
from a mixture of three Gaussian distributions. The
peak values (and dispersions) of the best-fitting Gaus-
sian functions are [Fe/H] = −1.3 (0.1), −1.8 (0.3), and
−2.4 (0.1) and mixing fractions of 31%, 63%, and 6%,
respectively for the stars inside the half-light radius rh.
The corresponding values for stars with radii between
rh and 2 rh are [Fe/H] = −1.4 (0.1), −1.8 (0.2), and
−2.4 (0.1) and mixing fractions of 25%, 71%, and 5%,
respectively.
We performed additional analysis steps to determine
whether the parametric bootstrap A-D test was identi-
fying multi-modality simply because of the noise in the
data or biases introduced during the conversion from
photometric measurements to metallicities. We gener-
ated a synthetic MDF by populating an isochrone to
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produce a 12-Gyr population with [Fe/H]∼−1.7. We
convolved this catalog with the photometric errors from
our data set to obtain an “observed” CMD. We derived
metallicities for RGB stars within the upper ∼2 magni-
tudes of the synthetic RGB, just as was done for the real
data. We then carried out the bootstrap testing proce-
dure on the synthetic [Fe/H] values and found that the
best-fitting unimodal, bimodal, and trimodal Gaussian
distributions were all unlikely to reproduce the particu-
lar distribution of the test data set at a high confidence
level (99.999%, 98.3%, and 99.5% for the unimodal, bi-
modal, and trimodal distributions respectively). Since
the bootstrap testing rejected not only the bimodal and
trimodal mixture models but also the single-metallicity
model, we can only infer from this that the observed tri-
modality that is implied by the A-D testing on the real
data may not be genuine either. Our overall conclu-
sion based on this analysis is that although it is possible
that a dwarf galaxy with the properties of Lac I could in-
deed have multiple stellar populations, our photometric
metallicities are unable to unambiguously demonstrate
their presence or absence.
The spectroscopic metallicity value reported by
Martin et al. (2014) separates Lac I from the bulk
of Local Group dwarfs on a luminosity-metallicity plot
(Fig. 4 in their paper, which shows the positions of M31
satellite dwarf galaxies on the luminosity-metallicity (L-
Z) relation derived by Kirby et al. (2013) from nearby
dwarfs), i.e., it is too metal-poor for its luminosity. We
can take our updated absolute magnitude measurement,
MV = −11.4± 0.3, and our median photometric metal-
licity estimate of [Fe/H] ∼−1.68 (from all of the stars
in the contamination-corrected MDFs), and compare
these values to the Kirby et al. (2013) L-Z relation
(their Equation 3). Assuming this relation, the pre-
dicted [Fe/H] value for Lac I given its luminosity is
−1.54. The RMS scatter of the Kirby et al. relation
is 0.16 dex, so our photometric metallicity value is,
interestingly, more in line with the expected value.
Lastly, we also looked for the presence of a metallicity
gradient in Lac I. We used the photometrically-derived
metallicities for stars within one and two rh. We did not
correct for contamination for this experiment because
the field-star contamination would be only 2% within
rh and 8% within 2 rh. The measured metallicity gra-
dient in our data is d[Fe/H]/d(r/rh) = 0.0028± 0.0029
and −0.0014 ± 0.0065 dex per rh, respectively, which
is consistent with a flat metallicity profile. The lack
of a gradient has also been observed in some dwarf
galaxies of similar luminosity beyond the Local Group
(e.g., Crnojevic´ et al. 2010), which may suggest that
the galaxies are not massive enough to favor a second
episode of star formation and thus a distinct and more
metal-rich population in their central regions.
5. SUMMARY AND MAIN CONCLUSIONS
In this paper we presented results from deep, wide-
field WIYN pODI g, i imaging of the M31 dwarf satel-
lite galaxy Lac I (And XXXI), acquired in order to in-
vestigate the galaxy’s structure, stellar populations, and
metallicity. The CMD of this galaxy is dominated by an
old (∼12 Gyr) stellar population and no intermediate-
age stars (AGB stars) are apparent in our data. We
trace the RGB stars in the Lac I images to a radius
of ∼10 arcmin (∼2.25 kpc) from the galaxy center and
use them to derive a distance to the galaxy as well as
its structural properties. Our measured TRGB distance
of 773±40 kpc agrees with the Pan-STARRS discovery
paper distance (Martin et al. 2013a). Our derived 3D
distance for Lac I to M31 is 264±6 kpc and we confirm
the finding by Martin et al. (2013a) that Lac I is in the
far western outskirts of the Andromeda galaxy halo.
Despite its relatively late discovery and distant loca-
tion from its host galaxy, Lac I seems in other ways to
be a fairly typical Local Group dwarf spheroidal galaxy.
Our derived half-light radius rh and associated uncer-
tainty for the galaxy, 728±47 pc, are smaller than the
Pan-STARRS1-measured value (912+124
−93 pc), although
they agree within the uncertainties. Brasseur et al.
(2011) used the measured V -band absolute magnitudes
and half-light radii of dSph satellites of the Galaxy and
M31 and found that they follow a well-defined size-
luminosity relation and that the relations for each galaxy
(the Milky Way and M31) are statistically the same.
Given its measured MV of −11.4 from our pODI data,
the derived half-light radius of Lac I is right in line with
the value predicted by the Brasseur et al. (2011) re-
lation for Andromeda dSph galaxies, 685+213
−220 pc. Our
measured ellipticity value, ǫ = 0.44±0.03 is almost iden-
tical to the Pan-STARRS1 value, but with a formal un-
certainty that is a factor of two smaller. This elliptic-
ity is within the usual range for dSph satellites of An-
dromeda; for the dSph galaxies in the M31 sub-group,
the range of ellipticities is 0.13−0.56, with a mean ǫ of
0.31 and a dispersion of 0.12 (McConnachie 2012). We
have confirmed that this galaxy is gas-poor, with an up-
per limit on the HI gas to LV ratio that is comparable
to the most sensitive limits for dSph galaxies orbiting
the Milky Way (Spekkens et al. 2014).
Our investigation of the MDF of Lac I – which we de-
rived from photometry of the RGB stars with i0 < 23
mag — indicates that this galaxy is metal-poor, with a
median [Fe/H] of −1.68±0.03 for stars within 2 rh, but a
broad range of stellar metallicities, from [Fe/H]∼ −1 to
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−2.5. Although the appearance of the MDFs in certain
radial regions seems to suggest the presence of multiple
metallicity peaks, statistical testing performed on the
distributions indicates that the multi-modality may not
be real. We find no evidence for a radial gradient in
our photometric metallicities. Lastly, we note that the
median metallicity derived from our RGB star photom-
etry is higher than the median metallicity of [Fe/H] =
−2.0±0.1 measured by Martin et al. (2014) from their
spectroscopic observations of 126 bright (iP1,0 <∼ 20.5)
RGB stars in Lac I, and the somewhat higher metal-
licity we measure moves Lac I closer to the expected
L − Z relation for dwarf galaxies (Kirby et al. 2013).
The causes of the differences in the photometric versus
spectroscopic metallicities are not obvious and seem to
warrant further investigation.
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Figure 6. Photometric metallicity distribution functions (per unit area) for stars that lie within the RGB selection box and
have i0 magnitude brighter than 23.0. The three panels show MDFs for stars that meet these criteria, divided into three spatial
regions: within one rh of the galaxy center (top), between one and two rh from the center, and outside of two rh (bottom). The
number of stars per radial bin and the median metallicity are also reported. These MDFs have been corrected for contamination,
as described in Section 4.4.
Table 1. Photometry of Resolved Stars in the WIYN pODI Images of Lac I
# α (2000) δ (2000) go σg Ag io σi Ai
(deg) (deg) (mag) (mag) (mag) (mag) (mag) (mag)
1 344.37250 +41.458038 16.73 0.01 0.52 15.64 0.01 0.27
2 344.37418 +41.425993 25.58 0.29 0.53 24.53 0.16 0.27
3 344.37427 +41.425386 24.87 0.12 0.53 25.14 0.20 0.27
4 344.37434 +41.436219 24.95 0.11 0.53 24.22 0.08 0.27
5 344.37458 +41.422852 23.43 0.04 0.53 23.08 0.04 0.27
6 344.37478 +41.428685 26.29 0.39 0.53 25.23 0.25 0.27
7 344.37479 +41.410686 26.32 0.40 0.53 25.55 0.27 0.27
8 344.37481 +41.397515 22.83 0.02 0.54 20.52 0.01 0.28
9 344.37486 +41.430424 24.32 0.07 0.53 23.45 0.04 0.27
10 344.37489 +41.383481 25.37 0.26 0.54 25.27 0.31 0.28
Note—This table is available in its entirety in a machine-readable form in the
online journal. A small portion of the data is shown as an example of the form
and content of the table.
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Table 2. Properties of Lac I
Property Value
Right Ascension (α) 22h 58m 13.26s ± 0.19s
Declination (δ) 41◦17′53.5′′ ± 2.1′′
MV (mag) −11.4 ± 0.3
Mg (mag) −11.3 ± 0.2
(g−i)o (mag) 0.7 ± 0.3
(m−M)0 (mag) 24.44 ± 0.11
D (kpc) 773 ± 40
DM31 (kpc) 264 ± 6
µV,0 (mag/arcsec
2) 24.8 ± 0.3
rh (arcmin) 3.24 ± 0.21
rh (pc) 728 ± 47
Ellipticity (ǫ) 0.44 ± 0.03
Position angle (θ, ◦ East of North) 116.1 ± 5.4
MHI/LV (M⊙/L⊙) <0.06
[Fe/H]
med
(dex) −1.68± 0.03
